Abstract. We suggest a procedure for alloying a subsurface layer of optical fused silica with nanometre-sized Au granules. The alloying process involves two-stage heating of both a specimen base, using a gas burner, and a gold island film, using a CO 2 -laser beam with the parameters λ = 10.6 µm and P  20 W. We study the structural characteristics of the resulting alloy layer depending on the exposure time and identify the optical absorption bands at different stages of the implanting procedure. The plasma frequency of the gold nanoparticle matrix is determined, using the experimental optical spectra of our specimen.
Introduction
Physical properties of quartz have attracted much attention of researchers because both fused and crystalline quartz modifications are widely used in various fields of science and technology. In particular, a favourable combination of mechanical, thermal and optical properties of fused silica has stipulated its wide applications in spectroscopy, fibre optics and, recently, in fabrication of composites.
Unique optical properties of noble-metal nanoparticles, e.g. a possibility for exciting plasmons (or a so-called surface plasmon resonance), are useful for implementing a number of modern analytical methods [1] [2] [3] . Simultaneously, new composite materials such as granular films placed in the layer of bulk substance have also conditioned a surge of interest [4] . The island films inside the matrices of solid materials have been obtained, e.g., through ion implantation [5] , sol-gel technology [6] , and a combined evaporation of base and metal [3] . Nevertheless, these methods reveal some drawbacks, including technological difficulties that arise while obtaining colloids with preset optical properties.
In addition to implanting, modification of metal nanoparticles implanted in dielectrics by means of laser beams is also of great interest [7] . For example, the influence of Ar+ laser beam on a silicate glass doped with Ag+ ions has been analyzed in Ref. [8] . It has been shown that the exposure to optical radiation results in forming of Ag-particle chains that give rise to optical dichroism of the glass surface.
In the present study we consider a method for thermostimulated implantation of gold island films into near-surface layers of melted quartz. This technology has already been tested for the case of Ag-SiO 2 system [9] . There are several particulars which should be taken into account when performing thermostimulated implantation of gold into a near-surface layer of melted quartz: (i) the fusion temperature of gold is equal to 1064.18ºC, whereas for silver it is somewhat lower, 961.78ºC [10] , (ii) the radius of the gold atoms is equal to 0.134 nm [10] , and (iii) the emissivities in the optical region 8-14 µm amount to 0.01 and 0.05 respectively for gold and silver [10] .
Below we will show that the surface layer of fused silica can be doped via irradiating, with a CO 2 -laser beam, a thin Au film vacuum-deposited on silica, whenever a specimen has been heated preliminarily using a gas burner.
Preparation and characterization of specimen
In order to perform a thermostimulated gold implantation, polished plane-parallel silica plates had to be thoroughly selected. The plates were chosen to have the square of 10 cm 2 and the thickness of 2 mm. At the first stage, a thin (~ 10 nm) Au film was deposited onto one side of the plate in the 5×10 -5 Torr vacuum chamber at the room temperature. Then, at the second stage, the opposite side of the plate, which is free of Au film, was subjected to preliminary heating in the air, using a gas burner. The temperature inside the heating spot was controlled to be in the interval 980−1000°C. The duration of this preliminary heating was 3 min. At the third stage, the plates in the air were irradiated from the film side by a continuous-wave CO 2 laser. Namely, we employed a laser ILGN-704 with the Gaussian beam shape, the wavelength λ = 10.6 µm, the power P  20 W, and the effective diameter D eff ≈ 3-4 mm of the laser spot. The duration of the irradiation procedure was 15 min. The surface-heating temperature at this stage was controlled with an infrared camera Optris PI 160.
To understand qualitatively the process of gold implantation under the action of laser beam, visual observations of colour changes occurring for the Au film were carried out. Initially the Au film is green. Then its colour changes to crimson when the irradiation begins and, finally, the film becomes yellow at the end of the implantation procedure. It is evident that these colour changes are caused by some transformations in the inner film structure caused by thermodiffusion processes. In the course of these processes, the Au film on the surface of the silica plate transforms into a two-dimensional colloid. As a consequence, the film acquires different absorption characteristics that correspond to different plasma resonant conditions which, in their turn, manifest themselves in different colours.
After 3 min long heating of the Au film with the laser beam, the film starts to shine intensively and the process reaches quickly a stage of a pure white glow. Our measurements with an infrared camera have testified that the surface temperature is about 1100ºC at this stage. It is well known from the previous experiments for the visible spectral range that the Au films with the thicknesses of about 10 nm reveal a large absorbance. The latter is the reason for a bright thermal glow of the films heated up to high temperatures, owing to the Kirchhoff's law of thermal radiation. Therefore, it is important to maintain this temperature and the other implantation conditions for preventing evaporation of gold from the surface of the silica plate. Then the changes in the film colour to yellow or orange tints would indicate beginning of the evaporation process. In this case the laser power should be reduced to lower vales. Finally, disappearance of the white-colour glow implies that the implantation process is successfully completed. In other words, there is no metal nanoparticle on the surface of silica, which reflects the CO 2 laser radiation.
The quality of the two-dimensional gold colloid which is implanted at the subsurface of the fused-silica substrate was further controlled by means of the measurements of mechanical hardness of the specimen and its resistance to nitric acid. These tests had demonstrated high stability of the plasma layer, since the gold penetrated into silica was protected from the action of the acid and, under normal conditions, its state remained invariable for arbitrarily long times.
We studied the surface topography with an atomic force microscope Innova @ , which enabled us to obtain detailed images of the specimen surface. In particular, Fig. 1a presents a specimen image observed in the constant-height mode, while the image displayed in Fig. 1b is obtained in the implantation mode. One can conclude that the resulting surface has the shape of array, with circular hills having some craters inside. The protruding parts of the surface have numerous lightcoloured elements. Obviously, the exact origins of these craters require further studies. One of the possible reasons for their appearance can be the fact that gold reacts with oxygen at high enough temperatures (~ 1000ºC) and, as the temperature decreases down to 20ºC, the reverse reaction can occur, resulting in oxygen outburst. The shape of the surface is believed to be formed through some deformations of the silicaplate surface by the Au granules in the places where the granules are mostly located under the quartz surface. Unfortunately, the images of the surface obtained by us do not reflect clearly the sizes of the Au granules and their spreading into the depth of the silica layer. They only show the surface geometry of the layer after the Au granules have penetrated into quartz. Nevertheless, issuing from the average diameter of the craters, it is possible to estimate the sizes of the gold granules as being about 1-3 nm.
Although the doping mechanism needs a more detailed elaboration, here we not go beyond considering it as a process of emission of electrons into silica and their trapping inside it (see Ref. [1] ). Apparently, the expected doping process occurs at the initial stage, when the temperature in the central zone reaches the melting point of gold. The molten particles are positively charged, and an electrostatic field is induced between them and the traps, thus providing detachment of Au + ions and their transport to that traps. This process is repeated many times and, as a result, it leads to precipitation of the Au granules in the surface layer of silica. Note that the granule precipitation is facilitated by a remarkable porosity of fused silica: the ratio of its density to the density of crystalline SiO 2 is known to be equal to 0.83.
We suggest that the transformations occurring in silica are split into several phases, among which transition from β 2 -tridymite phase to α-cristobalite phase prevails [2] . A hexagonal grid in the latter phase has some defects in the form of structural distortions of the bonds among the neighbouring tetrahedra and the positions of oxygen atoms. Due to the bonds among the adjacent tetrahedra provided by the oxygen atoms, the structure of the quartz glass involves some cavities, which are bounded in space by bridging oxygen atoms [9] . These defects can fuse into micropores, and their concentration is expected to reach its maximum just in the silica subsurface layer. The first reason for that is a thermal gradient that causes preferential occurrence of defects within the low-temperature areas [3] . The second reason is that the thermal minimum at the stage of laser irradiation appears to be directly under the gold granules, since gold reflects almost completely the irradiating CO 2 -laser beam. Still another mechanism can be associated with some structural transformations occurring directly in the gold film.
Optical properties
An important additional information about the structure of fused silica doped by the Au granules can be derived from the optical properties of our specimen. These properties are to be compared with the optical transmission spectrum T(λ) of the corresponding plates made of pure quartz. The optical spectra have been measured using a standard SF-26 spectrophotometer. The diameter of the probe beam has been chosen to be slightly smaller than the area of the coloured sectors. All the measurements have been performed within the wavelength band λ = 270−620 nm that covers both the edge of the interband absorption and the absorption band of colloidal Au related to the surface plasmons. Our main results are presented in Fig. 2 as a dependence of the optical density D = lnT upon the light frequency ω = 2πc/λ, as measured at different stages of the process (see also Refs. [2, 11] ). The data reported in Fig. 2 demonstrates that the optical density spectra undergo some changes during the process of thermal exposure. (2) granulated film after heating the opposite side of the plate with a gas burner, (3) granulated film after 7 min long irradiation of the film with CO2 laser and (4) gold film implanted into the fused-silica matrix.
As already mentioned, the Au film is initially green, which corresponds to curve 1 in Fig. 2 related to the film with irregular boundaries of islands. After beginning of the heating procedure, the film becomes crimson. The process corresponds to curve 2 in Fig. 2 , with the maximal absorption being achieved at the frequency 3.3×10 -15 s -1 . This can be considered as an evidence of the fact that some 'hills' appear in the islands because of a 'grumous' decay of the film. In its turn,effective size of the gold granule. The technique described above can be applied only to fused quartz because this material has a high enough melting temperature (1773ºC) combined with a sufficiently high absorption factor at the optical wavelength λ = 10.6 µm. Moreover, the material under study is sufficiently resistant to heating with a laser beam and has a porous structure, thus allowing for the appearance of granules in the near-surface region of this matrix. It also important that the island film has a discrete structure and it can be heated with a laser beam to the temperatures corresponding to those of metal melting. Furthermore, we must emphasize the fact that it would have been difficult to obtain so high standards with the similar self-resonant frequency in the granule. The current method allows obtaining the colloids having the absorption maximum located at (3.6±0.1)×10
-15 s -1 , with a high degree of reproducibility. The latter fact is very important for many applications in nanobiosystems that make use of the plasmon resonance. In other words, the Au-SiO 2 system manifests strong adhesive properties [13] , an enhanced Raman scattering of molecules which are adhesive on the surface of Au-SiO 2 [14] , and a sufficient chemical stability for wide-range chemical compounding. It is also worthwhile that our alloyed layers can be used in many other optoelectronic applications, e.g. for durable labelling and colouring items of melted quartz that go into production of waveguide trails and filters, and for some other purposes.
